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I. INTRODUCTION
T HE INCREASE in the number of detection channels in future experiments of high-energy physics, such as the planned experiments of the large hadron collider (LHC) at CERN in Geneva, imposes new and more severe requirements on the readout electronics [1] . These requirements are low noise, high speed, high radiation hardness, low-power dissipation and high packaging density. Due to the high repetition rate of the bunches of relativistic particles (of the order of 30-50 10 bunches/s), a signal processing time shorter than some tens of nanoseconds will be required [2] - [4] in order to associate each detected event to the originating bunch. The high number of output channels (10 -10 for strip detectors and 10 -10 for pixel detectors) imposes a constraint on the maximum allowed power dissipation per channel that is of the order of few milliwatts in the case of strip detectors and a few tens of microwatts in the case of pixel detectors [5] , [6] . Moreover, the harsh environmental conditions due to the high flux of relativistic particles require that the electronics is tolerant to a -ray irradiation of the order of a few Mrad and to a neutron flux of the order of 10 n/cm in order to be operative for several years [7] .
A higher and lower high-frequency noise characterize GaAs field-effect transistors (FETs) when compared with Si junction FETs (JFETs), even if the noise is orders of magnitude higher than Si JFET noise [8] . In addition, GaAs FETs feature good radiation hardness. It turns out that GaAs FET can be advantageous in terms of gain and resolution for high-frequency applications when shaping times below some tens of nanoseconds are required as in high-energy physics experiments [9] .
Moreover, GaAs has great potential for detectors and imaging systems for X-and -rays. In fact, with respect to detectors based on other high-Z semiconductors such as CdTe, CdZnTe and HgI , the GaAs technology offers the opportunity to integrate custom front-end electronics directly on the detector chip with the potential for realizing compact, high-performance, and reliable integrated spectroscopic and imaging systems for Xand -rays suitable for applications in the field of industrial and security systems for radiation monitoring and inspection and in the field of medical imaging for diagnostic purposes [10] , [11] .
Guided by this possible twofold application of GaAs front-end electronics both in high-energy physics experiments and in X-and -ray spectroscopy and imaging systems, we present the results of our research into the feasibility of a fully integrated high electron mobility transistor (HEMT)-based charge amplifier. In Section II, we will discuss the guidelines for the design of the amplifier and in particular for the optimization of the input HEMT at fixed low-power dissipation. In Section III, the relevant device characteristics are shown and compared to the ad hoc-developed SPICE model. Section IV presents and discusses the measured circuit performances in terms of output response, integral nonlinearity, and noise.
II. CIRCUIT DESIGN
We have designed two different topologies of charge amplifiers to test the feasibility of a fully integrated HEMT-based charge amplifier. The first topology has a simple cascode input stage with active load followed by a source follower. In the second topology, the cascode stage and its active load have been bootstrapped in order to increase the impedance of the high impedance node [12] , [13] . Different techniques have been designed to integrate a mechanism to reset the charge amplifier both in continuous and in pulsed mode. The results that will be presented in this paper refer to a 100-k feedback resistor for continuous reset. The other techniques use a reverse biased diode for continuous reset or a HEMT for a pulsed reset. Let us discuss the design guidelines for the bootstrapped amplifier whose schematic is shown in Fig. 1 . In Fig. 2 , a microphotograph of the amplifier chip is reported. The amplifier has been designed for a detector capacitance of 5 pF. The input HEMT has been optimized with the constraint of fixed low-power dissipation (i.e., of a given drain current). As the input HEMT is biased in the low current region of its characteristics (about 1 mA) due to power dissipation constraints, the classical quadratic relationship between the drain current and the gate overthreshold voltage cannot be assumed. Therefore, it is necessary to take into account the effective behavior of the relevant transistor parameters over the whole range of drain current densities of interest. In particular, we have adopted a graphical method based on the equi-resolution curves plotted on the plane (where is a dimensionless gate capacitance normalized to the detector capacitance plus feedback capacitance and is the drain current density) [14] . The equi-resolution curves shown in Fig. 3 are obtained by evaluating the equivalent noise charge (ENC) on the basis of the average values of the relevant HEMT parameters of the Alenia Marconi-PicoGiga technology. In particular, the average value of the gate capacitance per unit width of the channel has been assumed equal to 2.5 pF/mm, the voltage noise factor per unit width of the channel is V mm, and the gate current density is 0.5 A/mm. The noise introduced by the 100-k feedback resistor has been taken into account, too. The dependence of the transconductance on the drain-current density has been directly measured over the whole range of interest on some sample transistors. The dashed lines in Fig. 3 represent the equi-(where is the product of the drain current density times the gate width ), which is the equi-dissipation lines for a constant . The shaping time is equal to 20 ns (RC-CR shaping). Every equi-dashed line in the contour plot is tangent to one and only one equi-resolution curve. The coordinates of the tangency point give the pair of the values -, which allows us to obtain the best ENC for the considered drain current. The optimum value of the gate width that results from the figure is 515 m and the corresponding ENC is 591 electrons r.m.s.
Resistor R2 provides a fraction of the current needed for the proper operation of the input HEMT H1. The technology used for the amplifier chip had a spread and the ohmic value of the resistors doubled with respect to the original design (500 /square). Therefore, a lesser benefit with respect to power dissipation arose from the presence of resistor R2. In fact, a higher voltage had to be applied to R2 in order to provide the same current to the HEMT H1. The feedback resistor has been designed to be of the maximum allowed value. As the minimum linewidth is 10 m and the maximum practical length is about 1 mm (limited both by yield problems and by the value of the added parasitic capacitance and inductance), the achieved value is 100 k , double that of the original target for the above mentioned resistivity spread.
The HEMT H2 cascodes the input transistor and transfers the current to the active load H3 reducing the Miller effect of the capacitor of the input HEMT. The transistors H2A and H3A form the bootstrapping circuit that increases the dynamic impedance at the high impedance node with a local feedback network. The follower H5 with the active load H4 forms the output stage. The negative voltage is needed to bias the gate of the common source input HEMT H1. The nonbootstrapped version of the amplifier of Fig. 1 does not include transistors H2A and H3A.
In Fig. 4 , the simulated open-loop frequency response of the amplifier is shown both for the bootstrapped and the nonbootstrapped topology. The low-frequency gain is 460 for the nonbootstrapped topology and 2530 for the bootstrapped topology. The gain-bandwidth (GBW) product is 1.5 GHz for both the topologies. A 0.8-pF compensation capacitor has been connected between the high impedance node and ground to obtain a large phase margin. As the circuit is designed to work at short shaping times ( ns), there are no big advantages in using the bootstrapped topology as the frequency response of the two topologies is nearly the same in this frequency range. However, we wanted to test the performances of the bootstrapped circuit in view of a future design without the dominant pole compensation.
III. DEVICE PERFORMANCE AND MODELING
The HEMT transistors available in the Alenia MarconiPicoGiga technology are of the pseudomorphic type and present an interdigitated topology. The direct current characteristics of different sample transistors have been measured in order to determine the relevant parameters for the proper design and simulation of the whole charge amplifier. The measurement aimed to characterize the devices in the range of drain-to-source voltages and currents used in the designed amplifier. The measured gate-to-source capacitance is 1.28 pF. In Fig. 6 the transconductance of the transistor is shown as a function of the drain current for different values of the drain to source voltage. At a drain current mA, that is, the bias current of the input transistor, the transconductance is 20 mS. The dispersion of the characteristics measured on samples coming from different chips and different wafers is about 80% for the drain current at a fixed bias of the gate and of the drain ( V and V). This is mainly due to the dispersion of the threshold voltage. Note that the bias range used in this amplifier is not the usual one for these transistors (the biasing is about 1%
). For what concern the gate-to-source voltage, a parameter of significant concern in our design, the dispersion is 6% at a fixed drain current ( V and mA). Since there are limited SPICE models for the simulation of the HEMT [15] , we used the level 3 MESFET model [16] with the values of the parameters extracted from the measurements carried out on some sample devices. We choose the level 3 model in order to account for the exponential behavior of the drain current versus the gate-to-source voltage when the HEMT is biased at gate-to-source voltages near the threshold. The accuracy of the model is very good in the range of operation of the HEMT in the designed amplifier ( ranging from 0.9 V up to 0.7 V and in the range 0.25-1 V) as can be seen in Fig. 5 , where the solid lines resulting from the SPICE simulation are compared to the experimental measurement.
We have also characterized the noise of the HEMT with the spectrum analyzer HP4145A. All the measured prototypes have a channel width of 120 m and a channel length of 0.8 m and were biased at three different current levels 100 A, 200
A, and 400 A corresponding to current densities of 0.833 A/mm, 1.66 A/mm, and 3.33 A/mm, respectively. These are similar to the current densities in the HEMT of the designed amplifier. In Fig. 7 , the input series noise spectral density is reported as a function of the frequency with the HEMT biased at 400-A drain current. The input voltage noise spectral density was found to be independent of the drain current as already verified [14] for this class of devices. From a least-square fit, the power spectral density of the voltage noise has been deduced and is equal to V , which is a factor of 2.7 higher than the value assumed in the design. With this power spectral density, the optimum width of the input HEMT with the same power dissipation constraint would have been 813 m.
We have also characterized and modeled the diodes used in the circuits. The diodes are obtained by using the gate terminal of a 200-m-wide HEMT with the source and the drain short circuited. The dispersion of the characteristic is low in the forward operation region. At a fixed current of 400 A, the change of the forward voltage for different samples is limited to 10 mV and, for a 25% current change, the change of the forward voltage is about 20 mV.
IV. CIRCUIT PERFORMANCES
We carried out several tests in order to verify the proper functionality of the amplifier and to characterize its performances in terms of output response, integral nonlinearity, and noise. The oscilloscope trace of the time evolution of the output response of the amplifier is shown in Fig. 8 . The input transistor was biased at 1-mA drain current. The detector-simulated capacitance was 5 pF, while the feedback capacitance was 1 pF. The total dissipated power is about 7 mW. The major contributions arise from the power dissipated by the output stage (2.9 mW) and by the resistor R2 used to set the bias current of the input transistor (2.6 mW). As already mentioned, the latter contribution is an accident due to the doubled ohmic value of the resistors that imposed to double the voltage applied to the resistor R2. The injected charge is about 70 000 electrons. The measured rise time is 1.89 ns, short enough also for the fast shaping times required by high-energy physics applications.
In view of a future application in X-and -rays spectroscopy, we tested the integral nonlinearity of the response of the amplifier for injected charges in the range electrons. Fig. 9 shows the measured deviations from linearity. It can be seen that the integral nonlinearity is lower than 0.4%, suitable for spectroscopy measurements.
Noise measurements were performed simulating various possible experimental conditions. We have measured the ENC as a function of the shaping time for different values of the input capacitance (RC-CR shaping). Fig. 10(a) shows the measured resolution for a total capacitance of pF. The measured ENC is 627 electrons r.m.s. at 20-ns shaping time. The same measurements were repeated for different values of the total input capacitance ( pF, 11.06 pF, 16.96 pF) and the results are shown in Fig. 10(b)-(d) . In order to deconvolve the white series, white parallel, and series noise contributions, we fitted the experimental data according to the well-known expression of the ENC as a function of the shaping time that we report for convenience ENC
where for an RC-CR shaping, is the Boltzmann's constant, is the absolute temperature, is the detector capacitance, is the gate capacitance, is the feedback capacitance, and is the parasitic capacitance connected to the input node. The ratio of the series noise resistance to the inverse transconductance has been assumed equal to one [10] . The values of the capacitances have been experimentally evaluated with dynamic measurements. The value obtained from the fit for the gate current is 250 nA that corresponds to a gate current density of 0.485 A/mm.
V. CONCLUSION AND FUTURE PERSPECTIVES
In this paper, we presented the results of our research for a fully integrated HEMT-based charge amplifier. This is the first fully integrated HEMT-based charge amplifier suitable to be coupled to radiation detectors. The amplifier features good performances in terms of rise time and integral nonlinearity of the output response. The noise performances obtained at the short shaping times required by high-energy physics applications are suitable for particle identification. A lower noise power spectral density of the HEMT can improve the resolution performances. There is a substantial margin to lower the power dissipation. This HEMT-based amplifier is the starting point for a possible development of a complete HEMT-based readout channel. To this aim we have already designed and produced the RC-CR shaping amplifier in order to obtain a one-chip compact system.
